Methyl vinyl ketone (MVK) and methacrolein (MACR) are important intermediate products in atmospheric degradation of volatile organic compounds, especially of isoprene. This work investigates the reactions of the smallest Criegee intermediate, CH2OO, with its co-products from isoprene ozonolysis, MVK and MACR, using multiplexed photoionization mass spectrometry (MPIMS), with either tunable synchrotron radiation from the Advanced Light Source or Lyman-α (10.2 eV) radiation for photoionization. CH2OO was produced via pulsed laser photolysis of CH2I2 in the presence of excess O2. Time-resolved measurements of reactant disappearance and of product formation were performed to monitor reaction progress; first order rate coefficients were obtained from exponential fits to the CH2OO decays. The bimolecular reaction rate coefficients at 300 K and 4 Torr are k(CH2OO + MVK) = (5.0 ± 0.4) × 10 -13 cm 3 s -1 and k(CH2OO + MACR) = (4.4 ± 1.0) × 10 -13 cm 3 s -1 , where the stated ± 2σ uncertainties are statistical uncertainties. Adduct formation is observed for both reactions and is attributed to the formation of secondary ozonides
Introduction
Carbonyl oxides, also known as Criegee intermediates (CIs), are formed from the ozonolysis of alkenes and play an important role in tropospheric chemistry. 1 Reaction of ozone (O3) with alkenes is initiated by formation of a primary ozonide (POZ) in the 1,3-cycloaddition reaction between ozone and alkenes. 2 Subsequent, rapid decomposition of the highly excited POZ (addition of ozone is exothermic by ≥ 50 kcal mol -1 ) 3 leads to formation of CI and a carbonyl compound (aldehyde or ketone). The CI formed from the decomposition of the POZ contains significant internal energy and can isomerize further or dissociate. 3 However, a significant fraction of nascent CI is stabilized in non-reactive collisions with atmospheric constituents, mainly with N2. These stabilized Criegee intermediates (sCIs) are highly reactive and the understanding of their possible impact on tropospheric chemistry 4 has increased since the discovery of a method to produce sCIs for kinetics studies, which employs photolysis of the corresponding gem di-iodoalkane compound in the presence of O2. 5 For example, photolysis of CH2I2 produces CH2I radical and in presence of O2 the subsequent CH2I + O2 → CH2OO + I reaction produces the smallest sCI, CH2OO, with almost unity yield at low (~ 4 Torr) pressure. [5] [6] [7] [8] Methyl vinyl ketone (MVK, CH3C(O)CHCH2) and methacrolein (MACR, CH2C(CH3)CHO), see Scheme 1, are among the main products in OH-initiated oxidation of isoprene in presence of NOx as well as in ozonolysis of isoprene. Under high-NOx conditions the combined yield of MVK and MACR from OH-initiated oxidation of isoprene is in the range 54-72 %, [9] [10] [11] while under low-NOx or NOx-free conditions the combined yield is suppressed. 12 In isoprene ozonolysis the combined yield of MVK and MACR is about 50 -55 % and has been shown to increase under humid conditions by approximately 13 %. [13] [14] [15] A secondary ozonide (SOZ) is formed in a 1,3-bipolar cycloaddition reaction of an sCI with an aldehyde or a ketone. SOZs have 1,2,4-trioxolane structure and were first observed in liquid-phase ozonolysis of alkenes. 2, 16 In liquid-phase ozonolysis SOZs are prominent partly because the cageeffect of a liquid promotes the sCI to recombine with its carbonyl compound co-product and produce an SOZ. 2, 16 In the gas-phase, where this cage effect does not exist, sCIs are consequently more likely to react with other compounds than with the conjugate carbonyl compound. However, SOZs are also formed in the gas phase and have been observed in indirect ozonolysis experiments 17, 18 and more recently in direct kinetics measurements 19 of CH2OO with acetone and hexafluoroacetone.
In this work we investigate kinetics of the following reactions:
and probe possible product species at 300 K and 4 Torr. In addition, upper limits are determined for the rate coefficients of the bimolecular reactions
at 300 K and 4 Torr. The current work provides the first direct kinetics experiments on these reactions.
Experiment
Experiments were performed using a time-resolved, multiplexed photoionization (time-of-flight) mass spectrometry (MPIMS) 20 21 and MACR (~ 1.5 × 10 -21 cm 2 ), 21 that at the fluences employed (4 × 10 16 cm -2 ) less than ~ 0.01 % of the reactants absorb a photon, and the effects of photodissociation of MVK or MACR on the removal rate for CH2OO could be neglected.
Neither CO nor CF3CHCH2 absorbs significantly at 248 nm.
To characterize products formed in R1 and R2, full mass-, time-, and energy-resolved datasets, calculations. All quantum-mechanical calculations were carried with the ORCA software package. 28 Adiabatic ionization energies (AIEs) of the CH2OO-MVK/MACR adduct structures were calculated at the GFN-xTB, 29 HF/def2-TZVP, B3LYP-D3BJ/def2-TZVP, DLPNO-CCSD(T)/CBS(TZ,QZ), and CBS * levels of theory. The uncertainties associated with the ionization energy predictions at the different levels of theory were superficially evaluated using a set of eight reference structures: acetone, 30 2-butanone, 31 acetaldehyde, 32 propanal, 32 2-methylpropanal, 33 2-methyl-1-propene, 34 cyclopentane, 34 and tetrahydrofuran. 35 The results (shown in (1)
The proposed combination of AIE calculations (Eqn. 1) was tested for an additional set of eight reference structures: 2-pentanone, 36 3-pentanone, 31 butanal, 33 MVK, 37 ethene, 38 methoxyethene, 35 cyclopentane, 39 and 2,5-dihydrofuran. 40 Again, the combination scheme reduces uncertainty by about 50 % (0.09 eV vs. 0.05 eV), as can be seen in Table S2 . The present training set (8 compounds), test set (8 compounds), and the variety of ab initio methods are not large enough to conclude that the presented combination scheme is generally applicable. For the present purpose, however, the good extrapolation behavior from the training set to the test set, in combination with the structural similarities between the 16 tested compounds and the 8 structures of adduct products of CH2OO + MVK and CH2OO + MACR reactions, leads to the conclusion that this scheme is well-suited to the 8 adduct structures.
Stationary point calculations and RRKM/ME simulations.
In addition to the adiabatic ionization energy calculations, kinetics of the CH2OO + MVK and CH2OO + MACR addition reaction were calculated using Rice-Ramsperger-Kassel-Marcus (RRKM) theory / Master Equation (ME) simulations. For each reaction channel, the reactants CH2OO + MVK / CH2OO + MACR, a pre-reaction van der Waals (vdW) complex, a transition state (TS) for the reaction from the vdW complex to the adduct, and the adduct were included in the ME. Formation of the VdW complex is assumed to be barrierless and was modeled via phase space theory, 41 using the same potential for describing relative translation for all adducts. Collisional energy transfer is modeled using an exponential-down model 42 with
using the weak collider helium (He) as the bath gas. The Lennard-Jones (LJ) collision frequency 42 is calculated using σ = 2.55 Å and ε = 10.0 K for He. 43 For the adduct structures, LJ parameters were obtained via group additivity theory as implemented in the RMG 44 software package and are listed in Table S3 . The RRKM/ME simulations were carried out with the MESS 45 software package. 
Results and Discussion

Time behavior and bimolecular reaction rate coefficient determinations
and k′(CH2OO Bimolecular reaction rate coefficients of CH2OO with carbonyl and alkene compounds at about 300 K from the direct kinetics measurements are compared in Table 1 . 19, 46, 47 From the comparison it is apparent that carbonyl compounds are significantly (more than 100×) more reactive toward CH2OO than alkenes. In addition, substituting methyl groups in acetone with strongly electron withdrawing CF3 groups also significantly increases reactivity (more than 100×). The rate coefficients for CH2OO + MVK and CH2OO + MACR reactions are similar to each other and lie between the values for the CH2OO + acetone and CH2OO + acetaldehyde reactions. MVK has ketone and alkene functional groups while MACR has aldehyde and alkene functional groups, see Scheme 1. As discussed above, CH2OO adds to a double bond via a 1,3-bipolar cycloaddition reaction. 46, 47, 50, 51 However, as can be seen from Figure S3 shows a bimolecular plot of CH2OO decay versus [CF3CHCH2] from which an upper limit k(CH2OO + CF3CHCH2) < 1.75 × 10 -14 cm 3 s -1 is obtained. (Table 3) show that CH2OO addition to an aldehyde is a barrierless process forming a pre-reaction van der Waals complex ~ 5 kcal mol -1 or more below energy of the reactants followed by a small (< 3 kcal mol -1 ) submerged barrier leading to SOZ formation with significant (~50 kcal mol -1 ) 52 internal excitation.
Reaction of CH2OO with an alkene also leads to a pre-reaction van der Waals complex with an energy about 3 kcal mol -1 or more below the energy of reactants. 51 However, the barrier between the van der Waals complex and the adduct is either above or only slightly below the energy of reactants and therefore often much higher than in the case of CH2OO addition to an aldehyde . 51 In addition, the rate-determining transition state located on this barrier is slightly tighter than for addition to C=O, which with other factors discussed above causes the CH2OO reaction with an alkene being in general almost two orders of magnitude slower than the CH2OO reaction with an aldehyde. 46 The current RRKM/ME calculations of bimolecular reaction rate coefficients to form compounds S2, was investigated further. In the reaction of CH2OO with acetaldehyde, no signal was observed at the parent mass, but acetic acid product was observed and attributed to dissociation of the (neutral) SOZ. 19 An analogous dissociation in the MACR reaction could lead to methacrylic acid (mass 86). The absolute photoionization spectrum of methacrylic acid was measured in this work (shown in Figure S4a and compared with Figure 2b signal in Figure S4b ). Although there is a good agreement between the energy onset and low energy region for the spectrum of the product at m/z = 86 and the absolute photoionization cross-section of methacrylic acid (energies below about 10.3 eV), at higher photon energies deviation is increasingly significant, precluding assignment of m/z = 86 signal to methacrylic acid.
Conclusions
In 
